Carbon monoxide (CO) is often viewed as a lethal gas in light of its capacity to prevent oxygen uptake in hemoglobin; however, it also functions to regulate a variety of proteins and physiological processes. Here we show that CO is an important chemical cue, to which neurons respond strongly, and this response is then integrated into neural network activity. In cultured mouse hippocampal neurons, CO enhanced synchronized spontaneous cytosolic Ca 2+ oscillations which arose from periodic action potentials through synaptic transmission. We used single-cell patch-clamp recording to investigate the neural network. Our results showed that the frequency of spontaneous and miniature post synaptic current was increased in neurons cultured for 14-18 days after addition of CO, with no change in current amplitude. BK channels have recently been demonstrated to be important in the action of CO. Our results showed that the effect of CO on neural network electrical activity was partly abolished after blocking the BK channels. Altogether, our results suggest that CO can influence neural network electrical activity and that BK channels participate in this regulation process.
Introduction
Carbon monoxide (CO) is a toxic and deadly gas. However, it is physiologically produced during the course of heme catabolism by hemeoxygenases (HMOXs) in an oxygen-dependent manner. It is increasingly recognized as an important biological signaling molecule in numerous physiological and pathophysiological processes, including neuronal protection, regulation of vascular tone, and tumor proliferation [1] [2] [3] [4] . In the central nervous system, although numerous studies have focused on the roles of CO in cerebral vascular biology, a growing body of evidence also supports that CO is a gas neurotransmitter [5, 6] . It plays important physiological roles in the modulation of certain neuronal processes, including intercellular signal transduction and generation of long-term potentiation in the hippocampus [1] . However, it is unclear how CO influences synapse strength and neural circuits.
Ion channels have been recognized as important effectors in the action of CO, and may play a key role in some effects of CO [7, 8] . Large-conductance Ca 2+ and voltage-activated K + channels (BK channels), important in many physiological phenomena, including oxygen sensing, vasodilation, and neuronal firing, are also stimulated by CO [9, 10] . Furthermore, BK channels are widely expressed in the central nervous system [11] . We therefore carried out the present study to investigate the effects of CO on the neural network activity of mouse hippocampal neurons in culture and to determine whether BK channels participate in this regulation process.
Materials and Methods

Hippocampal neuron culture preparation
All animal experiment procedures were in accordance with the guidelines approved by Tsinghua University (Beijing, China). Mouse hippocampal neurons were isolated from 1-day-old pups as previously reported [12] . In brief, after the blood vessels and meninges were removed, the hippocampus was collected into tubes in cold Hank's balanced salt solution (HBSS), and rinsed twice with HBSS. Tissue was digested in TrypIE (Sigma, St Louis, USA) for 15 min at 37°C and gently triturated using pipette tips to cell suspension in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and 2% B-27 (Life Technologies, New York, USA). Neurons were seeded at ∼6000 cells/cm 2 . When glial cells reached ∼80% confluency, 1 µg/ml arabinocytidine was added to the culture medium to inhibit glial cell proliferation as described in previous studies [13] . Cells were maintained at 37°C in humidified atmosphere with 5% CO 2 .
CO exposure and IBTX pretreatment
As in previous studies, CO was applied as the donor compound CORM-2 ([Ru(CO 3 )Cl 2 ] 2 ; Sigma). CORM-2 was freshly prepared in DMSO and diluted to the required concentration in extracellular solution. The breakdown product of CORM-2, RuCl 2 (DMSO) 4 (also referred to as inactive CORM, iCORM; Sigma), was used as a control. DMSO concentration never exceeded 0.1%. Cell cultures were pretreated with 100 nM iberiotoxin (IBTX; Sigma) for 30 min, and then used in calcium imaging or patch-clamp recording.
Cytosolic Ca 2+ measurement
Cytosolic Ca 2+ concentrations in hippocampal neurons cultured for 14-18 days in vitro (DIV14-18 neurons) were measured at 37°C using the Fura-4 ratio metric method [14] . 
Single-channel recordings
BK single-channel current was measured from hippocampal neurons cultured for 8-10 days in vitro (DIV8-10 neurons) by using perforatedpatch or inside-out patch-clamp technique. For the perforated-patchclamp configurations, the cell bath solution contained 134 mM NaCl, 6 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 10 mM glucose ( pH 7.4 with NaOH). The perforated-patch pipette solution contained 110 mM potassium aspartate, 30 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 10 mM HEPES, and 0.05 mM EGTA (pH 7.2 with KOH). Amphotericin B (1 µg/ml) was included in the pipette solution during perforated-patch-clamp experiments. Membrane currents were recorded at 0 mV, filtered at 1 kHz using a low-pass Bessel filter, and digitized at 2.5 kHz. For inside-out recordings, the pipette solution contained 145 mM potassium gluconate, 1 mM EGTA, 10 mM HEPES, and 5 mM glucose with pH adjusted to 7.4 with KOH; and the bath solution contained the same components as the pipette solution, except the inclusion of 3 µM Ca
2+
.
Statistical analysis
Data were presented as the mean ± SEM. To determine the basal Ca value within the mean ± 2SD were included in analysis, and a Ca 2+ spike was defined with its amplitude being >1.2 times of the basal level. The number of Ca 2+ spikes per minute and the changes in F340/F380 were used to calculate the frequency and amplitude. Spontaneous postsynaptic current was analyzed using Clampfit (Molecular Devices, Sunnyvale, USA) and Mini Analysis Program (Synaptosoft, Decatur, USA). Statistical analysis was conducted using Student's t-test for the mean data and using Kolmogorov-Smirnov spontaneous and miniature PSC, with the difference to be considered significant at P < 0.05. ] c (intracellular concentration of calcium ion) in DIV14-18 neurons (Fig. 1A-E) . Addition of 10 µM CORM-2 significantly decreased the basal [Ca 2+ ] c in cultured hippocampal neurons (Fig. 1E) . Cytosolic Ca 2+ oscillations were observed in a majority of neurons. However, neuron culture with 10 µM CORM-2 exhibited a significant increase in the number of Ca 2+ spikes per minute. This did not change the magnitude of the Ca 2+ spikes (Fig. 1A-D) and caused no discernible change in synchronization. These effects of COMR-2 are attributable to the release of CO, since the inactive form of this donor, iCORM, has no effect beyond the small inhibitory effect of the delivery vehicle alone (DMSO, data not shown). These data suggest that CO elevates Ca 2+ oscillation frequency and decreases global Ca 2+ in cultured hippocampal neurons.
Results
CO increased spontaneous
CO improved spontaneous and miniature synaptic activity in the neural networks Ca 2+ oscillations have been shown to be mediated by excitatory and inhibitory neurons or synapses in the neuronal networks [16] . To further investigate the effect of CO on neural network activity, single-cell patchclamp technique was used to record the spontaneous and miniature post synaptic currents (sPSCs and mPSCs, respectively) in the cultured spikes of IBTX pretreatment neurons (n = 66). All the neurons were from three independent preparations; NS, no significant difference, and *P < 0.05.
neuron network at 14-18 days. The tested neurons were identified by morphology. The results showed that the frequencies of both sPSCs (EPSC, IPSC) ( Fig. 2A,C ,D,F) and mPSCs (Fig. 2G,I ) were significantly increased after the addition of 10 µM CORM-2 without changing the current amplitude (Fig. 2B,E,H) . However, the resting membrane potential (V rest ) and input resistance (R input ) were −68.2 ± 1.6 mV and 621 ± 48 MΩ, respectively, for control neurons. Application of CORM-2 did not alter V rest (−62 ± 4.4 mV) and R input (611 ± 59 MΩ) for the cultured neurons. Measurement of resting membrane potential and membrane input resistance allows for direct analysis of changes in intrinsic cellular properties by CO. These results demonstrated that CO increased the excitability of the neurons in this cultured neuron network.
CO activated BK channels in cultured hippocampal neurons
Cultured neurons were clamped at 0 mV, and BK Ca activity was measured in the control and test cultures after the application of 10 µM CORM-2 to the bath solution. Opening of BK Ca channels was identified based on the characteristic single-channel conductance and blocked by IBTX as previously described [17] . The results showed that 10 µM CORM-2 reversibly increased open probability (NPo) by ∼3.2 folds using the perforated-patch-clamp configuration (Fig. 3A,B) . CO regulation of BK channel activity was also measured in excised inside-out membrane patches with 3 µM free Ca 2+ present in the bath solution, and 10 µM CORM-2 was found to increase BK Ca channel NPo by 2.8 times (Fig. 3C,D) . These results suggested that CO released from CORM-2 can activate BK Ca channels in excised membrane patches from neurons. Our data indicate that CO is a potent activator of large-conductance Ca 2+ -activated K + channels in cultured hippocampal neurons.
BK channels participate in the process of CO regulation of neural network electrical activity
Of the systems that are modulated by CO, ion channels have recently received attention as being important. BK ion channels are widely expressed in the central nervous system [11] . BK channels sense and regulate membrane voltage and intracellular Ca 2+ . Thus, it is not surprising that they play an important role in neurotransmission. To determine whether BK channels participate in the regulation process of CO on neural network activity, the amplitude and frequency of spontaneous currents were recorded after blocking the BK channels by IBTX. These observations suggested that both amplitude and frequency of the sEPSC, sIPSC, and mPSC showed no significant change after CO stimulating when BK channels were inhibited. These results indicate that BK channels facilitate neural network activity in cultured hippocampal neurons. We further studied the effects of CO on activity of the IBTXpretreated neural network. Our results showed that, with IBTX pretreatment, CO did not significantly affect the network activity including both the frequency and amplitude of sEPSC, sIPSC, and mPSC ( Fig. 4A-I) . Calcium imaging showed that the calcium spike frequency remained unchanged after blocking BK channels with IBTX and CO did not affect the calcium oscillations (Fig. 1F-H) . This provides an example of how CO can enhance neuronal excitability through interaction with BK channels. These results indicate that CO affects the neural network by changing BK channel activity.
Discussion
Carbon monoxide is commonly known to be toxic. This is due to its high affinity for heme-proteins, which can compromise oxygen delivery to tissues or can decrease oxidative phosphorylation at the cellular level by binding to cytochrome C oxidase [18] . However, CO is physiologically produced during the course of heme catabolism by HMOXs in an oxygen-dependent manner, and it is increasingly recognized as a biological signaling molecule important in numerous physiological and pathophysiological processes, including synaptic plasticity, regulation of vascular tone, and tumor proliferation [19] . In the central nervous system, low amounts of CO limit neural inflammation in a model of multiple sclerosis and induced vasodilation, presenting cytoprotective effects in the cerebral circulation in a model of epileptic seizures in newborn piglets [5] . CO treatment also decreased infarct volume and brain damage in adult models of transient and permanent focal cerebral ischemia when the animals were exposed to CO immediately after middle cerebral artery occlusion [5] .
CO as a neurotransmitter is increasingly attracting attention [1] . Our results from calcium imaging (Fig. 1A-E) and electrophysiological recordings (Fig. 2) suggest that CO can augment electrical signaling in cultured neural networks of hippocampal neurons. Brain hypoxia has been considered as the major cause of CO neurotoxicity [7] . However, it is still unclear to what extent CO directly affects neurons not involved in hypoxia. In the present study, we investigated the direct effect of CO on neural networks, independent of hypoxia, by using an in vitro experimental system designed to determine whether CO plays a role in the direct modulation of neural network electrical activity. The results showed that synaptic activity was modulated by direct application of CO, by checking synchronized spontaneous cytosolic Ca 2+ oscillations, and synaptic transmission. Taken together, these data suggested that exogenous CO increased synaptic transmission most likely through an increase in presynaptic neurotransmitter release.
Although we initially observed that CO induced an increase in the frequency of spontaneous activity in cultured neural networks of hippocampal neurons, which could reflect enhanced neuronal excitability, we subsequently observed that the CO-dependent effect was not due to changes in neuronal electrical parameters such as resting membrane potential and input resistance. To investigate whether excitatory or inhibitory neurotransmission is a target of CO, we first evaluated the effects of inhibitory and excitatory receptors. Our results showed that when neurons were treated with NBQX, CO still increased the IPSC frequency (Fig. 2D-F) . Similarly, when GABAA receptors were blocked with bicuculline, CO induced an increase in the frequency of miniature AMPA receptor-mediated postsynaptic currents (Fig. 2) . In agreement with previous observations, our results clearly indicate that CO affects excitatory and not inhibitory receptors and further implicates both AMPA and GABA receptors as the main effectors controlling the action of CO at the synapse.
It is well known that synaptic transmission is affected by changes in the presynaptic Ca 2+ level [15] . Notably, the CO effect on neurotransmission seems to be mediated through a fast influx of Ca 2+ , which subsequently induced the phosphorylation of Synapsin I and the release of synaptic vesicles from the presynaptic terminal. Interestingly, the source of this Ca 2+ influx appeared to be mainly extracellular. Indeed, the CO effect on the Ca 2+ oscillations and frequency of postsynaptic currents was nearly abolished by the addition of an external solution with zero nominal calcium (data not shown), suggesting that influx through voltage-dependent Ca 2+ channel or transient receptor potential ion channels could be involved in the CO evoked effect. These data suggest that BK channels participate in the regulation process of CO. Ion channels are increasingly being recognized as targets for modulation by CO [20] . CO can increase the activity of BK Ca channels directly or via interaction with associated heme. Our results show that CO can directly increase the activity of BK channels in cultured hippocampal neurons. Blocking BK channels will significantly slow down the frequency of neuronal firing. Upon inhibition of BK channel activity, CO does not significantly affect neuron firing activity. Our results show that CO acts as an excitatory endogenous gas molecule, contributing to the enhanced firing activity of neurons by activating BK channels, and BK channels may enhance firing activity via the regulation of Ca 2+ .
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